Two proteins which are capable of dispersing cell clusters of Staphylococcus aureus have been purified from a S. aureus FDA209P culture supernatant. Both of them were found to have bacteriolytic activity. From the elution profile of column chromatography and Western blot (immunoblot) analysis, one of them was identified as a 51-kDa endo-␤-N-acetylglucosaminidase (GL). The other was a 62-kDa protein on the basis of sodium dodecyl sulfate gel electrophoresis. Analysis of the peptidoglycan fragments following treatment with the 62-kDa protein indicated that this protein is an N-acetylmuramyl-L-alanine amidase (AM). In vitro studies of cluster dispersion activities using S. aureus mutant strains Lyt66 or S. aureus Wood46 grown as clusters demonstrated that these two enzymes act synergistically to disperse clusters into single cells. Antiserum against the 51-kDa GL cross-reacted with the 62-kDa AM, and S. aureus FDA209P grown in the presence of anti-51-kDa-GL immunoglobulin G induced giant clusters. Clusters induced by anti-51-kDa GL and by Cibacron blue F3G-A were dispersed by coincubation with the 51-kDa GL and the 62-kDa AM. Western blot analysis demonstrated that the 51-kDa GL and the 62-kDa AM were missing in culture supernatants of S. aureus Lyt66, Wood46, and RUSAL2 (Tn551 autolysin-defective mutant), which grow in clusters. These results strongly suggest that the 51-kDa GL and 62-kDa AM are involved in cell separation of daughter cells after cell division.
Both gram-positive and gram-negative bacteria produce peptidoglycan hydrolases which include N-acetylglucosaminidases, N-acetylmuramidases, N-acetylmuramyl-L-alanine amidases, endopeptidases, and transglycosylases (1, 9, 10, 15, 28) . While the physiological functions of individual enzymes remain largely unknown, these enzymes have been proposed to play an important role in cell separation, wall growth, and turnover (12, 15) . Since a single bacterium produces more than one peptidoglycan hydrolase, it is difficult to ascertain the specific functions of individual enzymes. Most peptidoglycan hydrolases have been characterized as bacteriolytic enzymes, and some have been called autolysins because of their proposed roles in cell wall-active antibiotic-induced lysis of bacteria (1, 10, 15, 28) . Autolysins have also been suggested to contribute to virulence of bacteria (2, 30) .
Cell separation is the final event of the cell division cycle. In the course of separation, the structures connecting adjacent cells must be cleaved by a peptidoglycan hydrolase(s) (1, 10) . Autolysin-defective mutants of Bacillus subtilis have been shown to form long chains of cells (6-8, 16, 17) . In Streptococcus pneumoniae and Escherichia coli, N-acetylmuramyl-L-alanine amidase has been suggested to participate in septum separation (24, 29) . However, the physiological role of amidase in these strains is somewhat ambiguous since mutation or insertional inactivation of the amidase gene did not result in the formation of long chains (23, 25) . In Staphylococcus aureus, an alteration in the extracellular peptidoglycan hydrolase activity has been shown to result in the formation of cell clusters in liquid culture (4, 5) . Chatterjee et al. reported that a clusterforming mutant of S. aureus H lacks extracellular amidase activity (5) . S. aureus produces several amidases and glucosaminidases as extracellular peptidoglycan hydrolases, some of which have been purified to homogeneity while their physiological functions remain largely unknown (19, 26, 27 ; for a review, see reference 15).
We have previously described the purification of a 51-kDa endo-␤-N-acetylglucosaminidase (GL) from the culture fluid of S. aureus FDA209P using the Cibacron blue F3GA affinity column (19) . Concurrently, we found that Cibacron blue F3GA inhibited cell separation of S. aureus, resulting in the formation of giant clusters without affecting cell viabilities (20) . These results led us to investigate enzymes responsible for cell separation of S. aureus using the dye-ligand affinity gel. In this article, we report the purification of two proteins with clusterdispersing activities from the culture fluid of S. aureus FDA209P. Characterizations of these two proteins revealed that they are a 51-kDa GL and a 62-kDa N-acetylmuramyl-Lalanine amidase (AM). Our results suggest that both enzymes are involved in the separation of daughter cells, and coordination of these enzyme activities might be required for efficient separation of S. aureus in broth culture.
MATERIALS AND METHODS

Materials and chemicals.
TSKgel AF Blue Toyopearl 650ML, TSKgel Phenyl-5PW, and TSKgel Blue-5PW were purchased from Tosoh, Tokyo, Japan. Purified 51-kDa GL and rabbit antiserum against the GL were prepared as described elsewhere (19) . Normal rabbit immunoglobulin G (IgG) was obtained from Organon Teknika N.V., Turnhout, Belgium. Other materials and chemicals used were from commercial sources. Bacterial strains. S. aureus FDA209P (ATCC6538), a spontaneous protein A-defective mutant (2PF-18) derived from strain FDA209P, S. aureus RN450, a Lyt Ϫ mutant (RUSAL2) derived from strain RN450 (13), S. aureus Wood46, and 10 clinically isolated strains were employed. S. aureus 2PF-18 was a generous gift from S. Yamada, Kawasaki Medical College. Cells were cultured in Trypticase soy broth (TSB) (Becton Dickinson Microbiology Systems, Cockeysville, Md.) with standing at 37ЊC unless otherwise noted.
Preparation of a CCF. S. aureus FDA209P exponentially growing in TSB (200 ml) was inoculated into 6 liters of the same fresh medium and incubated with continuous agitation employing a rotary shaker for 3 h at 37ЊC to mid-log phase. The culture was centrifuged at 10,000 ϫ g for 30 min at 4ЊC, and the supernatant fluid was passed through a membrane filter (pore size, 0.22 m; Nihon Millipore Kogyo K.K., Yonezawa, Japan). A concentrated culture filtrate (CCF) was prepared by 80% saturated ammonium sulfate precipitation of the culture filtrate.
Purification. A CCF dialyzed against 0.1 M phosphate buffer (pH 7.0) (buffer 1) was applied to a TSKgel AF Blue Toyopearl 650ML column (18 by 150 mm) which was equilibrated with buffer 1. The column was washed with buffer 1 until the major portion of unbound proteins passed through. A 0.1 M phosphate buffer containing 2.5 M NaCl (pH 7.0) (buffer 2) was used for elution at a flow rate of 1 ml/min at 4ЊC. The active fractions eluted from TSKgel AF Blue Toyopearl 650ML were extensively dialyzed against buffer 2 and applied to a TSKgel Phenyl-5PW column (7.5 by 75 mm) which was equilibrated with buffer 2. After washing with 1 to 2 column volumes of buffer 2, an elution was made by a linear gradient from buffer 2 to buffer 1 at a flow rate of 1 ml/min. High-performance liquid chromatography (HPLC) was performed at room temperature. The pooled fractions were dialyzed against buffer 1 at 4ЊC. The dialyzed sample was applied to a TSKgel Blue-5PW column (7.5 by 75 mm) which was equilibrated with buffer 1. Elution was performed with a linear gradient from buffer 1 to buffer 2 at a flow rate of 1 ml/min.
Particle number and particle size distribution. Particle number and size distribution were measured in a Coulter counter (model ZM; Coulter Electronics Ltd., Luton, England) connected with a Coulter Channelyzer 256 (Coulter Electronics Ltd.) and a personal computer, NEC 9801 vm2 (NEC Corp., Tokyo, Japan).
Assay of cluster-dispersing activity. For a quick survey of the cell-separating activity, S. aureus cells were suspended in 0.01 M phosphate-buffered saline (PBS) (pH 7.0) to give a turbidity of approximately 0.1 at 660 nm. Five hundred microliters of the cell suspension was incubated with the enzyme preparations at 37ЊC for 30 min. Cluster-dispersing activity was estimated by phase-contrast microscopic observation of cell suspensions. For a more detailed characterization of separation activity, heat-killed or viable cells of strain Lyt66 were suspended in 5 ml of prewarmed PBS to a concentration of 10 5 particles per ml. The cell suspensions were incubated with enzyme preparations, and aliquots of the suspensions were removed at intervals. After dilution with ISOTON II (balanced electrolyte solution; Coulter Electronics Ltd.), the particle number and size distribution of the suspension were measured with a Coulter counter system. The effect of the enzyme treatment on cell viability was assessed by comparing the number of particles with the number of CFU. The number of CFU was determined with TSB agar.
Assay of lytic activity and enzymatic specificity. Heat-killed cells of Micrococcus luteus ATCC 4698 or S. aureus FDA209P were used as the standard substrate for lytic enzymes. Lytic activity was assayed by following the rate of decrease in the turbidity of the cell suspension as described previously (19) . Cells were suspended in 0.1 M phosphate buffer (pH 7.0) (1 mg [dry weight]/ml). A sample of an appropriate dilution of the test specimen was mixed with 2 ml of the cell suspension, the mixture was incubated at 37ЊC, and the rate of turbidity was measured at 660 nm in a spectrophotometer. The cell wall of S. aureus FDA209P was prepared as described previously (19) and treated with 2% (wt/vol) sodium dodecyl sulfate (SDS) for 30 min. The SDS-extracted cell wall was extensively washed with 10 mM PBS (pH 7.0). The nature of the lytic enzyme was determined by analysis of the reaction products. The washed cell wall was suspended in 0.1 M phosphate buffer (pH 7.0) (5 mg/ml) and incubated at 37ЊC with the purified enzyme in a total volume of 4 ml. Samples were removed at intervals for measurements of turbidity and concentrations of reducing sugars and free amino groups. The appearances of reducing sugars or free amino groups in soluble fragments of the enzymatically hydrolyzed S. aureus cell wall were determined by a modified Park-Johnson procedure (22) and a Ghuysen procedure using 2,4dinitrofluorobenzene (9, 21), respectively.
Antiserum. The purified 62-kDa enzyme was emulsified with Ribi adjuvant (Ribi Immunochem Research, Inc., Hamilton, Mont.) (44 g of protein per ml). Two-kilogram rabbits were immunized according to the protocol suggested for the Ribi adjuvant system at day 1 and at 2 weeks. At 4 and 6 weeks after the injection, the rabbits were injected intravenously with 50 g of the purified 62-kDa enzyme in PBS. Antiserum was obtained 5 weeks after the first injection. IgG was purified by using the MAPS-II kit (Bio-Rad Laboratories, Richmond, Calif.). For immunoblotting, 2,000-fold-diluted antiserum against the 51-kDa enzyme was used.
Other procedures. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5% polyacrylamide) and Western blotting (immunoblotting) were carried out as described elsewhere (19) . Immunodetection of protein was performed with the ECL Western blotting analysis system (Amersham International). Bacteriolytic enzyme profiles were analyzed as described elsewhere (11, 18) . Protein concentrations were determined by the method of Bradford with bovine serum albumin as the standard (3).
RESULTS
Purification.
To characterize the cluster-dispersing activity, cells in large clusters were needed as the substrate. Clusterforming mutants were isolated after mutagenesis of S. aureus FDA209P with N-methyl-NЈ-nitro-N-nitrosoguanidine by the method of Chatterjee et al. (5) with minor modifications. Briefly, mutagenized S. aureus FDA209P cells were serially diluted and plated on brain heart infusion agar (Becton Dickinson Microbiology Systems) containing commercially available M. luteus (1 mg/ml; Sigma Chemical Co., St. Louis, Mo.). Plates were incubated at 37ЊC for 48 h and subsequently in the cold (4ЊC). Colonies that failed to show any zone of clearing after 7 days of incubation at 4ЊC were identified. Six colonies were obtained in this screening, and one of the six clones, Lyt66, was chosen as the substrate for cluster-dispersing activities since the strain grew in TSB as large clusters of cells with uniform sizes (Fig. 1a ). When Lyt66 cells were incubated with CCF, the clusters completely disappeared and nearly all cells appeared as single cocci or diplococci, as shown in Fig. 1b . This conclusion, based on microscopic examination of liquid culture before and after incubation with the CCF, was confirmed by the measurement of particle size distribution with the Coulter counter system. There was a wide distribution of particle sizes for untreated Lyt66 cells, in the range of 0 to 230 fl ( Fig. 1c ), whereas 99.7% of the cells in the CCF-treated culture had a particle size below 30 fl ( Fig. 1c ). We defined the increase in the number of particles with a volume below 30 fl as those cells separated by the enzyme action. To determine the clusterdispersing activity quantitatively, the number of cells separated by the treatment was calculated.
Our observation that Cibacron blue F3GA inhibited cell separation of S. aureus (20) led us to employ a Cibacron blue affinity column for the first step of the purification. Most of the separation activities of the CCF were bound to the Blue Toyopearl 650ML column, and the activities were eluted with 0.1 M phosphate buffer containing 2.5 M NaCl (pH 7.0). The active fraction was subjected to hydrophobic-interaction HPLC. The cluster-dispersing activities were bound to the column and eluted in two major peaks, as shown in Fig. 2a (peak 1 and peak 2). Two fractions were pooled separately. After dialysis, the active fractions were further purified by Cibacron blue affinity gel HPLC. Both of the separation activities were eluted as single major peaks from the TSKgel Blue 5PW column, as shown in Fig. 2b and c. The elution profile of hydrophobicinteraction HPLC, as reported previously (19) , suggested that the activity corresponding to peak 1 resided in a 51-kDa GL. As shown in Fig. 3a , SDS-PAGE analysis demonstrated that the cluster-dispersing activity in peak 1 had the same mobility in SDS-PAGE as that of GL. The fraction from peak 2 (Fig.  2c ) was also analyzed by SDS-PAGE. A single polypeptide with a molecular weight of 62,000 was revealed with Coomassie brilliant blue staining (Fig. 3a) . This 62-kDa protein is most likely a single polypeptide since the protein migrated in the SDS gel with the same mobility in the presence and absence of a reducing agent. Antiserum against GL cross-reacted with the 62-kDa protein, as shown in Fig. 3b . This antigenic relatedness between GL and the 62-kDa protein was confirmed by the positive cross-reactivity between GL and anti-62-kDa-protein antiserum (data not shown). The purification of both proteins is summarized in Table 1 .
The 62-kDa protein is a bacteriolytic enzyme. The bacteriolytic activity of the 62-kDa protein was investigated with heat-killed cells of M. luteus and S. aureus. The 62-kDa protein showed lytic activity with M. luteus cells, though weaker than that of GL (Fig. 4a ). On the other hand, the 62-kDa protein showed low lytic activity towards S. aureus, while GL exhibited no lytic activity towards S. aureus (Fig. 4b ). The differences between the potencies of the lytic activities of the 62-kDa protein and GL with M. luteus and S. aureus cells were further demonstrated with zymograms ( Fig. 4c and d) . When equal amounts of proteins (100 ng) were electrophoresed in the M. luteus gel, the 62-kDa protein appeared as a faint lytic band whereas GL produced a thick clear lytic band (Fig. 4c ). On the other hand, a clear lytic band corresponding to the 62-kDa protein was identified in the S. aureus gel, but no lytic band appeared with GL ( Fig. 4d) .
Mode of bacteriolytic action. The appearance of new free amino groups and reducing sugars during enzymatic hydrolysis of the S. aureus cell wall by the 62-kDa protein was monitored. An increase in the concentration of free amino groups (Fig. 5 ) suggested that the 62-kDa protein is an amidase or an endopeptidase. To determine the N-terminal amino acid generated during lytic reaction, the supernatant of the reaction mixture was incubated with DNFB and the incubation was followed by hydrolysis with 4 N HCl. 2,4-Dinitrophenol-alanine was identified by thin-layer chromatography (data not shown). We failed to detect any 2,4-dinitrophenol-amino acid by dinitrophenylation of the cell wall mixture after hydrazinolysis. These results indicated that the 62-kDa protein is an AM.
Characterization of cluster-dispersing activities. Activities that disperse clusters of S. aureus were assessed with strains Lyt66 and Wood46. A preliminary observation showed that Wood46 grew as clusters in TSB. Both strains showed no apparent autolysis during incubations. As shown in Fig. 6b and VOL. 177, 1995 CLUSTER-DISPERSING ENZYMES IN STAPHYLOCOCCUS AUREUS d, GL and AM dispersed clusters of both strains in a dosedependent manner. AM was more potent than GL in clusterdispersing activity. Incubation of the cells with both GL and AM (167 ng/ml each) resulted in increased dispersion of the clusters compared with that induced by GL or AM (334 ng/ml) alone ( Fig. 6a and c) . The results suggested that AM and GL acted synergistically to disperse clusters. The cluster-dispersing activities of GL and AM were completely inhibited by 60 M Cibacron blue F3G-A. Anti-GL IgG induces S. aureus 2PF-18 to form giant clusters. We studied the effect of anti-GL IgG on the growth of S. aureus 2PF-18, which is a spontaneous mutant lacking protein A production. Incubation of S. aureus 2PF-18 cells with anti-GL IgG induced giant clusters, while cells incubated with control IgG appeared as well-separated cocci (data not shown). Our attempts to disaggregate the clusters by adding 1% SDS, 1% Triton X-100 with proteases, trypsin (1 mg/ml), or pronase (1 mg/ml) were unsuccessful, indicating that these clusters are not merely aggregate products of hydrophobic interaction or aggregates of the immune complex. On the other hand, IgG-induced clusters were dispersed by incubating the cells with GL and AM (data not shown). We have previously shown that Cibacron blue F3G-A induces S. aureus to form giant clusters (20) . The Cibacron blue-induced clusters were also dispersed by incubation with GL and AM (data not shown).
A Tn551-induced autolytic mutant forms clusters. RUSAL2 is a Tn551-induced autolytic enzyme mutant of RN450, which lacks glucosaminidase activity (14) . Microscopic examination revealed that both RUSAL2 and RN450 strains grew as clusters in TSB. However, treatment with 0.5% Triton X-100 dispersed the clusters of RN450 but not those of RUSAL2, suggesting that clusters of RN450 represent mechanical aggregates. We investigated the particle size distribution of RUSAL2 and compared it with that of the parent strain, RN450, in the presence of 0.5% Triton X-100. The particle size distribution of RUSAL2 culture was much wider than that of RN450 (data not shown). These results indicate that RUSAL2 forms clusters. These clusters were dispersed by incubation with GL and AM (data not shown). Analysis of culture supernatants of S. aureus strains using Western blotting. We investigated GL and AM in the culture supernatants of a variety of strains. GL and AM were detected by using either anti-GL serum or anti-AM serum after blotting. As shown in Fig. 7 , RN450 and FDA209P produced both GL and AM in culture supernatants. Moreover, there are some additional peroxidase-positive bands besides AM and GL. On the other hand, RUSAL2, Lyt66, and Wood46 did not produce either protein in the culture supernatants.
DISCUSSION
Two proteins which show cluster-dispersing activities on Lyt66 cells were obtained in a highly purified form from the culture supernatant of S. aureus FDA209P. On the basis of the FIG. 3 . SDS-PAGE and immunoblotting analysis of purified proteins with cluster-dispersing activities. (a) The purified protein was subjected to SDS-PAGE in a 7.5% gel followed by Coomassie brilliant blue staining as described previously (19) , using molecular markers (Bio-Rad Laboratories). Lanes: 1, purified 51-kDa GL; 2, purified protein eluted from TSKgel Blue-5PW (Fig. 2b ) (500 ng of protein); 3, purified protein eluted from TSKgel Blue-5PW (Fig. 2c ) (500 ng of protein). (b) Western blotting of purified protein was performed as described previously (19) . Immunodetection was performed according to the manual of the ECL Western blotting analysis system (Amersham International). Lanes: 1, purified protein eluted from TSKgel Blue-5PW ( Fig. 2c ) (300 ng of protein); 2, purified protein eluted from TSKgel Blue-5PW ( Fig. 2b ) (300 ng of protein).
FIG. 4. Bacteriolytic activities of purified proteins with cluster-dispersing activities, studied by the turbidimetric method or SDS-PAGE as described previously (11, 18, 19) . Purified protein (2. a One unit is defined as the amount of activity generating 10 5 separated cells per ml from 10 4 particles per ml. elution profiles of column chromatography and Western blot analysis, one of them was identified as the 51-kDa GL, which has been previously characterized as a major bacteriolytic enzyme against M. luteus in the culture supernatant (19) . The other activity was attributed to a 62-kDa protein with weaker bacteriolytic activity against M. luteus than that of GL. Heatinactivated, purified enzymes lost their cluster-dispersing activities, indicating that these enzymes directly cleave the cell wall connecting daughter cells but do not activate other endogenous autolysins. It is not surprising that these enzymes showed poor lytic activities against intact S. aureus, their host. These enzymes would be self-destructive for the producing cells if their enzyme activities are not properly regulated. We speculate that the detailed chemistry of the portion of the cell wall connecting daughter cells differs from the chemistry of the rest of the cell wall in such factors as the distribution of teichoic acid or peptidoglycan o acetylation.
In the chromatography step, specific activity and yield upon chromatography of each Phenyl-5PW peak on Blue-5PW decreased significantly. This is probably due to elimination of contaminating GL or AM in the final chromatography, which may exert synergistic action to disperse clusters (Fig. 6 ).
Biochemical characterization of these enzymes showed that the two enzymes are catalytically and biochemically distinct. On the other hand anti-GL antiserum cross-reacted with AM, and anti-AM antiserum cross-reacted with GL, suggesting that GL and AM share an epitope(s). Recent studies have shown that these two enzymes are encoded tandemly in a single open reading frame (atl); sequence data suggest that a proenzyme is encoded by this gene and is further processed to generate these two extracellular enzymes (13) . There were regions of homology between the two final forms of the enzymes (AM and GL) that involve the three central repeat DNA sequences of the atl gene. This might account for the antigen cross-reactivity between these two enzymes.
The two enzymes, having affinity for Cibacron blue F3GA, are the major proteins showing cluster-dispersing activities in the culture supernatant. Cibacron blue F3G-A inhibited both the cluster-dispersing activities and the bacteriolytic activities of these two enzymes and induced S. aureus to form giant clusters (18, 20) . Western blot analysis showed that cells forming large clusters, such as Lyt66, Wood46, and RUSAL2 cells, did not produce either enzyme into the culture supernatant while wild-type strains RN450 and FDA209P did. Anti-GL IgG induced 2PF-18 to form giant clusters, which were dispersed when incubated with AM and GL. Electron microscopy of S. aureus 2PF-18 using anti-GL IgG or anti-AM IgG exhibited localization of immunogold particles around the septal region of the cells (unpublished data). These results suggest that these two enzymes are involved in daughter cell separation during the cell cycle. Antiserum against AM and GL also cross-reacted with bands other than these two enzymes. These bands may represent preprotein during processing of the atl gene product or other proteins homologous to AM or GL.
In vitro studies of cluster-dispersing activities have demonstrated a synergistic action of AM and GL. These results together with the molecular cloning data suggest that efficient separation of daughter cells requires the synthesis and the secretion of both enzymes into the culture supernatant. Gene replacement using allelic exchange of the wild-type gene with mutated genes altered in the catalytic domains of these enzymes might clarify the functions of these enzymes.
